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Ultrafiltration in single isolated human glomeruli
VIRGINIA J. SAVIN
Division of Nephrology, Department of Internal Medicine, College of Health Sciences and Hospital, and the Kidney and Urology Research
Center, The University of Kansas, Kansas City, Kansas
Ultrafiltration in single Isolated human glomeruli. To determine the
ultrafiltration properties of human glomeruli, we induced filtration in
vitro and estimated the glomerular ultrafiltration coefficient, K1 or LpA,
and the glomerular capillary hydraulic conductivity, Lp, in single
glomeruli from 17 human kidneys retrieved for allotransplantation.
Cadaver donors ranged in age from 2 to 46 years. Filtration was induced
in individual isolated glomeruli by abruptly lowering the protein con-
centration of the medium surrounding a glomerulus to produce a
transcapillary oncotic gradient. The events which occurred were re-
corded on videotape for analysis. K1 was calculated from the maximum
rate of glomerular swelling during filtration. Initial glomerular diameter
for the individuals studied ranged from 146 2 m (age, 2 years) to 292
6 m (age, 42 years). Kf ranged from 5.1 0.8 to 30.7 3.0
nI/mm' mm Hg and varied directly with donor age and glomerular size.
The glomerular filtering area was estimated from the formula A = 3irD2
and from morphometrically measured basement membrane surface
density. Lp was calculated from Lp = Kf/A. Lp using A = 3irD2 (LpD)
averaged 3.7 0.2 d/min mm Hg cm2. To compare the hydraulic
conductivity of glomeruli from children and adults, Lp was also
calculated using the total basement membrane area derived from
measured surface density (LpS). LpS averaged 1.5 0.1 iil/min mm
Hg cm2 (N = 17) and was not significantly different in children and
adults suggesting that the increase in K during maturation from 2 years
of age to adulthood is accomplished by an increase in capillary surface
area rather than by a major change in the hydraulic conductivity of the
capillary wall. With an average K1 for children and adults of about 6 and
17 nI/mm mm Hg, respectively, normal GFR may be maintained with a
mean ultrafiltration pressure of about 4 mm Hg. The direct relationship
between K and calculated filtering area per glomerulus may be used to
define the normal filtration characteristics of human glomeruli.
L'ultrafiltration dans les glomérules humains isolés individuels. Afin de
determiner les proprietés d'ultrafiltration des glomérules humains, nous
avons induit une filtration in vitro, et estimé le coefficient d'ultrafiltra-
tion glomerulaire, K1 ou LpA, et la conductivité hydraulique capillaire
glomerulaire Lp, dans des glomerules isolés provenant de 17 reins
humains, inaptes a l'allotransplantation. Les donneurs cadaveriques
avaient un age compris entre 2 et 46 ans. La filtration a été induite dans
ces glomérules individuels isolés en diminuant brutalement Ia concen-
tration protéique dans le milieu entourant un glomerule, afin de
produire un gradient oncotique transcapillaire. Les événements qui se
sont produits ont éte enregistrés sur une bande video pour analyse. K1a
été calculé a partir de Ia vitesse maximum de gonfiement glomerulaire
pendant Ia filtration. Le diamétre glomerulaire initial était compris entre
146 2 Jzm (age, 2 ans) et 292 6 /sm (age, 42 ans). K1 était compris
entre 5,1 0,8 et 30,7 3,0 nI/mm mm Hg et variait directement avec
l'âge du donneur et Ia taille du glomérule. La surface de filtration
glomerulaire a eté estimée a partir de Ia formule A = 3irD2 et a partir de
Ia densité de surface membranaire basale mesurée morphometrique-
ment. Lp a été calculé a partir de Lp = K1/A. Lp, en ultisant A = 3irD2
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(Lp°) était en moyenne de 3,7 0,2 pd/mm 'mm Hg' cm2. Afin de
comparer Ia conductivité hydraulique des glomerules provenant d'en-
fants et d'adultes, Lp a egalement été calculé en utilisant Ia surface
membranaire basale totale obtenue a partir de Ia densité de surface
mesurée (Lps). LpS était en moyenne de 1,5 0,1 pd/mm mm
Hg cm2 (N = 17) et n'était pas significativement différente chez les
enfants et les adultes, suggerant que l'augmentation de K1 pendant une
maturation a partir de 2 ans d'âge jusqu'à Ia période adulte est
accomplie par une augmentation de Ia surface capillaire plus que par un
changement important de Ia conductivité hydraulique de Ia paroi
capillaire. Avec un K1 moyen pour les enfants et les adultes d'environ 6
et 17 nI/mm mm Hg, respectivement, Ia GFR normale peut étre
maintenue avec une pression d'ultrafiltration moyenne d'environ 4 mm
Hg. La relation directe entre K1 et Ia surface de filtration calculée par
glomérule peut être utilisée pour définir les caractéristiques de filtration
normale des glomérules humains.
Each human kidney contains about 1 million glomeruli and in
an average day filters about 150 liters of plasma. Studies
utilizing micropuncture techniques in lower animals, most
notably the Munich-Wistar rat, have defined the central factors
in the formation of glomerular filtrate [1, 2]. The sum of
transcapillary hydraulic and oncotic pressures and glomerular
perfusion rate each affect filtration rate. In addition, filtration
rate depends on the ultrafiltration characteristics of the glomer-
ulus itself. The term ultrafiltration coefficient has been used to
characterize glomerular hydraulic permeability and represents
the product of the hydraulic conductivity (Lp) and the filtering
area (A). The ultrafiltration coefficient has been designated by
the interchangeable terms Kf and LpA.
Kf has been calculated for the rat [1, 2] and the dog [3, 4], but
the experimental data required to permit similar estimates in
humans has not been available. We have developed a direct
method for estimating K1 in vitro using isolated mammalian
glomeruli [5] and have used this technique in the present studies
to observe glomeruli from human cadaveric kidneys which have
been retrieved and preserved by perfusion for possible renal
transplantation.
Methods
Human cadaveric kidneys were obtained from a regional
organ retrieval center, the Midwest Organ Bank, Kansas City,
Missouri, after it was determined that the kidneys could not be
used for transplantation. Each donor had suffered lethal brain
injury and had been declared dead by the attending physician.
Consent to use the kidneys for transplantation or research
purposes was given by appropriate family members. The do-
nors were treated with intravenous fluids and vasopressors as
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needed to maintain systemic blood pressure and urine flow
prior to kidney removal. Each donor received Regitine, 20 mg,
heparin, 30,000 U, and mannitol, 12.5 g, intravenously immedi-
ately prior to nephrectomy. The kidneys were removed from
the cadavers by sterile surgical technique. Ventilation and
circulation were supported until the kidneys were removed.
Fifteen of the kidneys were subsequently perfused for up to 48
hr with an oxygenated medium at 4°C. The perfusion medium
consisted of 500 ml of commercially prepared human partial
protein fraction (Travenol Laboratories, Inc., Glendale, Cali-
fornia) to which penicillin, 250,000 U; methylprednisolone, 62.5
mg; MgSO4, 500 mg; calcium gluconate, 500 mg; heparin, 2,500
U; insulin, 60 U; and mannitol, 2.5 g, were added. The
perfusate was delivered by pulsatile flow at a rate of 75 to 150
mi/mm/kidney with pressures ranging between 30/10 and 60/30
mm Hg (Waters preservation apparatus, M-OX 100 TM, Waters
Instruments, Inc., Rochester, Minnesota). The remaining two
kidneys were flushed with cold isotonic medium after retrieval
and preserved by storage in ice.
Kidneys were made available for study only after it was
determined that they could not be used for transplantation due
to anatomical defects, injury to the renal vessels, or because no
suitable recipient was available. The clinical course of each
donor was reviewed by the director of the Midwest Organ Bank
and only those kidneys which he judged likely to function had
they been transplanted are included in this report.
Glomerular isolation and in vitro filtration. Glomeruli were
isolated from a wedge biopsy specimen taken from the outer
cortex of each kidney by methods previously described in detail
[5]. Briefly, renal cortex was placed in isotonic medium con-
taining 4 g/dl bovine serum albumin (BSA) and minced into I to
3 mm fragments that were pressed through an 80-mesh stainless
steel screen. Glomeruli passed through this screen; tubular
fragments and cell debris were removed by sieving the tissue
serially through 100 and 120 mesh screens. Glomeruli retained
above the 120-mesh screen were rinsed from the screen and
placed in a test tube containing fresh medium at room tempera-
ture. We studied glomeruli from which Bowman's capsule had
been removed; epithelial, endothelial, and mesangial cells, and
basement membrane from glomeruli isolated in this fashion
remained anatomically intact as demonstrated by electron mi-
croscopic examination. The glomeruli were equilibrated with
medium containing 4 g/dl BSA, and filtration studies were
carried out within 1 hr after glomerular isolation. Filtration was
induced and recorded as follows: A single glomerulus selected
from the glomerular suspension was held by gentle suction on a
micropipette and observed using an inverted microscope and a
x20 objective. The image of the glomerulus was recorded on
videotape. Video recording permitted us to obtain an image of
the glomerulus each 1/60 sec. Recording was initiated during a
control period lasting 15 to 30 sec and was continued as test
medium was introduced abruptly into the incubation chamber.
The composition of the test medium was identical to that of the
control medium except that it contained only 1 g/dl BSA. BSA
concentration of the medium was monitored by a total solids
meter (American Optical, Buffalo, New York); oncotic gradi-
ents were calculated according to the method of Landis and
Pappenheimer [6] and confirmed by a membrane oncometer
(Wescor Inc., Logan, Utah). The introduction of test medium of
lower protein concentration into the observation chamber pro-
duced an oncotic gradient across the capillary walls. The
transcapillary oncotic gradient of about 12 mm Hg caused fluid
to be filtered into the glomerular capillaries. Filtration was
documented by an initial increase in glomerular diameter, and,
after 0.2 to 0.4 sec, by the ejection of perfusate and retained
erythrocytes from the vascular pole. The events which oc-
curred during and immediately after the media change were
studied using stop-action playback and analysis of consecutive
video images.
Measurement of glomerular basement membrane area. Gb
meruli from six kidneys were examined by transmission elec-
tron microscopy to determine the capillary basement membrane
area. The kidneys studied were obtained from donors aged 2, 6,
22, 42, and 46 years. After filtration studies were completed, a
sample of the remaining isolated glomeruli was removed from
the incubation medium and fixed in 1% tannic acid, 1% gluteral-
dehyde in 0.1 M phosphate buffer (pH 7.4) for at least 24 hr.
Gbomeruli were dehydrated with ethanol and embedded in
Araldite (Electron Microscopy Services, Ft. Washington, Penn-
sylvania). Thin sections, 600 A, were cut and placed on 50-mesh
coated grids (Formvar, Electron Microscopy Services) and
stained with uranyl acetate and lead citrate. Electron micro-
graphs (x 2000) of randomly selected cross sections of four to
six glomeruli from each individual were obtained using a JEOL
lOOS electron microscope. Magnification was standardized at
x2000 using a carbon grating replica and found to vary by less
than 1%. Micrographs of entire cross sections (8 to 14/gbomeru-
lus) were assembled to form a montage.
The surface density (S) of gbomerular basement membrane
(j.m2/m3) was calculated by applying the relationship S, =
(4/IT)LA where LA was the quotient of the basement membrane
length and the area of the cross section [71. Basement mem-
brane length represented the sum of peripheral and axial
basement membrane segments. The cross-sectional area was
estimated as the area of the simplest convex polygon required
to enclose the glomerulus. Both basement membrane length and
cross-sectional area were measured directly from the micro-
graphic montage using a sonic digitizer (Graf/Pen 7, Science
Accessories Corp., Southport, Connecticut). The basement
membrane area of each gbomerulus was estimated as the
product of glomerular volume and S,.
Calculation of glomerular filtration parameters. Several pa-
rameters were estimated for each glomerulus. Glomerular diam-
eter, D, was obtained from the video image by averaging four
measurements taken at 45° to each other and applying the
appropriate magnification factor. Gbomerular volume, V, was
calculated using the formula for the volume of a sphere, V = 4/3
ir(D/2)3. Maximum filtration rate was defined by the maximum
increase in glomerular volume during a 1/60 sec interval within
the first 0.1 sec after changing the medium. The driving force
for filtration was estimated as the difference between the
oncotic pressures of the control and test media. Gbomerular
ultrafiltration coefficient, Kf, was estimated as the quotient of
maximum filtration rate and the oncotic gradient. Gbomerular
surface area was estimated in two ways. First, following the
convention proposed by Renkin and Gilmore [8], filtering area
was estimated as A = 3irD2. The mean diameter in 4 g/dl BSA
medium was used as D. Second, total basement membrane area
was estimated from the S of gbomerular basement membrane
as A = V x S. Since S was measured for only six individuals,
750 Savin
Table 1. CJinical information and glomerular size and ultrafiltration characteristics
Donor
no.
Age
years Sex
Blood
pressure
mm Hg
Serum
creatinine
mg/dl
Function
after
transplant°
Glomeruli
studied
Diameter
m
K1
ni/mm mm Hg
Lp°
i.d/min mm
Hg cm2
LpS
zl/min mm
Hg cm2
32 2 M 100/80 0.7 7 146 2 5.9 0.6 2.9 0.3 1.4 0.1
31 2 M 140/70 0.5 Immediate 9 157 5 7.1 0.7 3.1 0.4 1.4 0.2
9 4 F 80/50 0.8 Immediate 7 152 3 5.1 0.8 2.3 0.3 1.1 0.2
4 6 M 90/60 0.7 Immediate 6 160 2 7.2 1.0 3.0 0.4 1.3 0.2
14 16 F 190/120 0.8 5 180 4 11.2 3.5 3.6 1.1 1.6 0.5
2 16 M 110/60 1.0 Immediate 3 195 11 15.5 2.7 4.4 0.7 1.9 0.4
13 17 M 120/80 1.9 5 193 10 14.4 1.2 4.1 0.2 1.7 0.1
24 17 M 140/100 1.4 6 208 7 13.6 2.0 3.3 0.3 1.3 0.1
33 18 M 140/80 1.0 Immediate 4 209 13 19.5 2.3 4.3 0.6 1.9 0.3
7 19 M — 1.0 Immediate 7 233 7 21.4 3.5 4.4 0.7 1.5 0.2
15 22 M 130/80 2.1 Immediate 5 203 6 13.1 4.0 3.4 0.8 1.4 0.3
19 22 M 70/50 2.2 Delayed 8 227 5 17.6 1.2 3.6 0.2 1.3 0.1
23 38 M 120/80 2.6 7 227 6 21.3 2.9 4.5 0.7 1.6 0.3
22 42 F 150/80 0.8 7 194 8 13.8 2.4 4.1 0.8 1.8 0.3
18 42 M 110/80 0.7 8 292 6 30.7 3.0 3.8 0.4 1.1 0.1
25 46 F 100/80 1.0 6 215 7 14.0 1.3 3.3 0.4 1.3 0.2
28 46 F 100/70 1.6 6 231 6 20.5 1.2 4.1 0.4 1.5 0.2
Abbreviations: K1, glomerular ultrafiltration coefficient; LpD, hydraulic conductivity estimated from A = 3ir D2 with A as the filtering area and D
as the glomerular diameter; LpS, a minimum estimate for capillary hydraulic conductivity.
a The terms in this column indicate the function of contralateral kidney after renal transplantation.
mean S, for the three children and three adults were used to
estimate basement membrane area for glomeruli for donors age
8 and under and for older donors, respectively. Hydraulic
conductivity, Lp, of the glomerular capillaries was then esti-
mated for each glomerulus by the equation Lp = K1/A. This
calculation of Lp was possible since, by convention, K1 equals
LpA. We have designated Lp estimated from A = 3irD2 as Lp'
and Lp estimated using total basement membrane area derived
from S, as LpS. LpS may represent a minimum estimate for
capillary hydraulic conductivity since the entire basement
membrane area, including axial as well as peripheral portions,
was used as the denominator of the equation.
Results
Sixteen cadaveric kidneys were studied between July, 1979,
and February, 1982 (Table 1). The age of the donor ranged from
2 to 46 years; 5 donors were female. Blood pressure at the time
of organ removal ranged from 70/50 to 190/120. Urine flow rate
in the period prior to nephrectomy ranged from 60 to 800 mI/hr.
Serum creatinine at the time of organ retrieval ranged from 0.5
to 2.6 mg/dl. Twelve donors received dopamine prior to
nephrectomy, one received metaraminol and four did not
receive vasopressors. The elapsed time between cessation of
renal perfusion in situ and initiation of extracorporeal perfusion
ranged from 1 to 25 mm. In two cases perfusion was not
performed, but the kidneys were flushed with cold isotonic
medium and were held at 4°C until the cortical biopsy specimen
was obtained. The elapsed time between nephrectomy and
glomerular isolation ranged from 16 to 48 hr and averaged 34
3 hr. The contralateral kidney from eight of these donors was
used in clinical transportation; of these, seven had immediate
function as demonstrated by urine production sufficient to
preclude the need for dialysis of the recipient. The eighth
kidney recovered normal function after a period of oliguria; the
serum creatinine of the recipient was 1.0 mg/dl 12 months after
transplantation.
Glomeruli were isolated from each biopsy. Filtration was
induced and filtration parameters calculated in three to ten
glomeruli from each donor. Average glomerular diameter, sur-
face area, and volume were recorded for the glomeruli in which
filtration was studied. Mean glomerular size estimates for each
kidney are shown in Table I. Mean glomerular diameter in 4 g/dl
BSA medium ranged from 146 6 pm in a 2-year-old male to
292 6 rm in a 42-year-old male. Corresponding mean
glomerular volumes ranged from 1.7 0.1 to 13.3 0.2 nI. The
estimated glomerular filtering area (3irD2) averaged 2.0 0.1
and 8.1 0.3 x 10 j.rm2 in donors with the smallest and largest
glomeruli. The surface density of the basement membrane
averaged 0.26 0.01 izm2/m3 for children and 0.22 0.01
zm2/zm3 for adults (Table 2). The total basement membrane
area ranged from 4.5 0.2 to 29.2 1.6 x I05m2. Glomerular
size expanded as a function of increasing age of the donor up to
about 19 years of age and then remained stable with a further
increase in age. These observations concerning glomerular size
are comparable to those obtained by standard morphometric
techniques [9, 101.
When the BSA concentration of the medium was lowered
from 4 to I gldl, filtration occurred in every glomerulus as
shown by an increase in glomerular diameter and ejection of
glomerular contents. An example of the increase in glomerular
volume during filtration is shown in Figure 1. The calculated
values for Kf and Lp derived from the analysis of the time-
dependent changes in glomerular volume for glomeruli from
each individual are shown in Table 1. K ranged from 5.1 0,8
to 30.7 3.0 nl/min mm Hg. It is important to note that these
extreme values were derived from the study of donors with very
small and extremely large glomeruli, respectively. Kf, as
glomerular size, increased with increasing donor age up to
about 19 years and then remained stable. K averaged 6.3 0.5
nl/min mm Hg in children ages 2 to 8 years (N = 4) and 17.4
1.5nI/mm mm Hg in individuals 16 years of age and older (N =
13). Other studies from our laboratory have indicated that,
within several mammalian species, the K increases with in-
creasing glomerular size and filtration area, (estimated as 3irD2)
Ultrafiltration in single isolated human glomeruli 751
Table 2. Morphometric estimates of basement membrane surface
density
Donor
no.
Age
years
Number of
glomeruli
studied
Surface density
m2/m3
32 2 6 0.29 0.01
31 2 5 0.23 0.02
4 6 5 0.26±0.01
37 22 5 0.19±0.01
22 42 6 0.26 0.00
28 46 3 0.21 0.00
[ill. Therefore, Kf was plotted as a function of 3irD2 as shown
in Figure 2. Kf increased in direct proportion to the estimated
filtration area (r = 0.96, P < 0.001). To compare the glomeruli
of individuals of different ages, Lp for each donor was estimat-
ed by the formula Lp = K1/A. As described above, the area was
estimated in two ways. LpD for glomeruli of the 17 individuals
studied ranged from 2.3 0.03 to 4.5 0,7 p1/mm mm
Hg cm2 and averaged 3.7 0.2 tl/min mm Hg cm2 (N =
16). Lp' of glomeruli from children aged 6 years or younger
averaged 2.8 0.2 p1/mm mm Hg• cm2, and was lower than
that of glomeruli from donors 16 years and older, 3.9 0.1 (N =
12) p1/mm mm Hg cm2, (P < 0.01). LpS ranged from 1.1
0.2 to 1.9 0.4 p1/mm mm Hg• cm2. LpS for all kidneys
studied, for children 6 years or younger and for donors 16 years
and older averaged 1.5 0.1 (N = 17), 1.3 0.1 (N = 4), and
1.5 0.1 (N = 13) p1/mm mm Hg cm2, respectively. LpS
values of children and adults were not statistically different
from each other (P > 0.10).
Discussion
The present report is the first in which Kf has been derived
from direct observation of filtration by human glomeruli. To
study filtration in vitro, we have abruptly created an oncotic
gradient which favors filtration into the glomerular capillary.
We have estimated SNGFR from the initial rate of glomerular
swelling (V/t) prior to the onset of erythrocyte ejection. At
the instant the medium is changed, zXir is about 12 mm Hg, a
force for transmembrane filtration of the order of magnitude of
the net filtration pressure expected in vivo. Pressure within the
glomerular capillaries is near atmospheric pressure prior to and
at the beginning of filtration since the glomerular capillaries are
open to the medium at the vascular pole where the arterioles
have been severed. Thus, Kf may be calculated in isolated
glomeruli in vitro according to the formula Kf = iV/t
Estimates of Kf will be most accurate when V/t is measured
as close to the initiation of filtration as possible. We have used
this in vitro method to estimate Kf and Lp of glomeruli from
several other species [5, 11]. The Kf for glomeruli of normal
adult rats was 5.9 nI/mm mm Hg, a value that is reasonably
close to that derived from direct glomerular puncture methods
[1, 2]. The K of rabbit glomeruli averaged 4.0 nI/mm mm Hg
while that of dogs averaged 17.5 nI/mm mm Hg, a value
somewhat higher than that derived from stop-flow experiments
in dogs with reduced renal arterial pressures [3, 4].
Since glomeruli were removed from cadaveric kidneys that
may have suffered some damage prior to the death of the donors
or during the process of retrieval and extracorporeal storage,
Time, 1/60-sec intervals
Fig. 1. The time course of increase in glomerular size during filtration in
vitro. The glomerulus was isolated in isotonic medium containing 4 g/dl
BSA. The medium exchange occurred at time interval 2 and washing
was continued throughout the period shown. Glomerular volume was
calculated from the mean glomerular diameter for each video image by
the formula V = 4r/3 (D/2)3 was calculated using the volume change
(0.31 nl) between the time intervals 3 and 4, and the calculated oncotic
gradient, 12 mm Hg. Kf for this glomerulus was 40.5 nI/mm mm Hg.
The glomerulus shown is that of a 42-year-old man.
glomerular function may be altered compared to that of normal
glomeruli. However, we found no apparent relationship be-
tween donor serum creatinine or blood pressure immediately
prior to retrieval. Likewise, there was no apparent relationship
between Kf or Lp and the method of preservation or the time
which had elapsed from retrieval to the study of the glomeruli.
It is important to emphasize that the contralateral kidney of
seven donors was used for renal transplantation and functioned
immediately. Further support for the assertion that Kf of
glomeruli of cadaveric kidneys may be nearly normal despite
some ischemia during the retrieval process may be derived from
studies of acute renal failure performed in this laboratory.
Immediately after 90 mm of total renal ischemia, Kf of isolated
canine glomeruli was unchanged from nonischemic values; 24
hr later the Kf value had decreased by about one-half [12].
Similar results have been reported from micropuncture studies
of renal ischemia in dogs [131. Therefore, it seems reasonable to
suggest that ischemia may have diminished the Kf of glomeruli
in the current studies by less than a factor of 2 since the period
of warm ischemia was much less than 90 mm in each case.
Studies were also performed using dog kidneys that were
perfused in vitro according to the protocol for human renal
retrieval and preservation. Kf of glomeruli from these kidneys
changed by less than 10% during 48 hr of perfusion (unpub-
lished data). In view of these observations, K reported here for
human glomeruli may be reasonably close to that of glomeruli
retrieved in a more controlled fashion.
To make quantitative comparisons of the filtration properties
of the capillaries of glomeruli of humans and other mammals, it
was useful to normalize for variations in surface area by
calculating the capillary hydraulic conductivity, Lp. Since
morphometric data concerning human glomeruli is limited and
since estimates of the filtering area of other species have been
obtained using widely varying techniques, I chose to follow the
convention of Renkin and Gilmore [8] and applied the empiric
formula A = 3irD2 to obtain an estimate of the capillary area
a,
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Glomerular and tubular functions change from birth to adult-
hood. During maturation the kidneys increase in weight in
proportion to body surface area [20, 21] and the glomeruli
increase in size and complexity [9, 10]. SNGFR rises from
about 5 nhlmin in the neonate to 20 to 25 nl/min at 2 years of age
and to adult levels of 50 to 60 nI/mm in adolescence [221. Studies
in developing guinea pigs using stop-Row methods suggest that
gradually increasing intracapillary pressure, capillary hydraulic
conductivity, and capillary area may each contribute to the net
increase in SNGFR from birth to maturity [23]. In contrast,
direct measurements of glomerular capillary pressure in imma-
ture Munich-Wistar rats indicate that capillary and ultrafiltra-
tion pressures remain nearly stable after 30 days of age and that
much of the subsequent increase in SNGFR may be accounted
for by concurrent increases in glomerular perfusion rate and in
Kf [241. The relationship between age and LpS was examined to
investigate the potential contributions of increasing glomerular
size and rising glomerular capillary hydraulic conductivity to
the increased Kf during human maturation. For this comparison
an area was estimated from average S,,, for glomeruli from
children and adults, whose glomeruli we have studied in detail.
Lps averaged 1.3 0.1 and 1.5 0.1 pi/min mm Hg cm2 for
________________
young children and adults. Thus, the threefold increase in Kf
6:0 7.0 8.0 that occurred between childhood and maturity is the result of an
increase in the capillary area available for filtration. If develop-
mental changes in Lp occur in humans they appear to be
complete by age 2 years.
Estimates of Kf may be used to calculate the filtration
pressure required to produce normal GFR in children and
adults. As noted, mean SNGFR for adults is about 60 nl/min.
Using the mean adult Kf of 17 nl/min mm Hg, a normal
filtration rate could be maintained by a mean net ultrafiltration
pressure, PUF, of about 4 mm Hg. The filtration pressure
required to produce normal glomerular filtration is nearly the
same in children. For example, in a 2-year-old child, Kf is about
6 nl/min mm Hg and the normal SNGFR of 20 to 25 nI/mm
could also be maintained by PUF of 4 mm Hg. No micropunc-
ture data are available regarding glomerular capillary pressures
in humans. However, calculated PUF derived from the glomeru-
lar sieving of macromolecules in humans ranges from less than 2
mm Hg [251 to 12 or 20 mm Hg [26]. Our estimate of PUF is in
this range and also near that adduced for Munich-Wistar rats (4
to 6 mm Hg).
In addition to permitting speculations about the mechanisms
for controlling SNGFR in the normal kidney, the remarkably
constant relationship between glomerular size and Kf may
permit us to study glomerular hydraulic conductivity in human
renal disease. Filtration may be studied using glomeruli dissect-
ed from biopsy specimens of human renal cortex. In each case
Kf may be determined and Lp calculated using capillary area
derived from geometric estimates or from morphometric inves-
tigations of glomeruli from the specific biopsy. By comparing
Lp of glomeruli from biopsy specimens to that of normal human
glomeruli, it may be possible to begin to define the mechanisms
of glomerular dysfunction in human disease.
.
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Fig. 2. Relation between ultrafiltration coefficient, Kand surface area,
A, in glomeruli isolated from human kidneys. Kf was estimated from the
maximum rate of increase in glomerular volume and the oncotic
gradient during filtration induced in vitro by K = V/t as
described in the text. A was estimated A 31TD2. Kf increases as a
function of 3rD2, K = —2.5 +4.3 (31TD2), (r = 0.96, P < 0,001).
available for filtration in each species. Prior studies indicate
that this formula may give a reasonable approximation of
filtering surface; the calculated areas are within 10% of the
measured basement membrane area of superficial glomeruli of
normal rats [14] and within 15% of the surface area reported for
glomeruli of a seven-year-old boy [9]. Lp', calculated by the
formula LpD = Kf/3irD2, averaged 3.6 0.2 d/min mm
Hg cm2. Average Lp° values determined similarly from previ-
ous in vitro studies in this laboratory using rat, rabbit, and dog
glomeruli were 2.7, 3.0, and 4.5 p1/mm • mm Hg cm2, respec-
tively [ill. An Lp of 1.7 to 2.5 p1/mm mm Hg cm2 has been
estimated from micropuncture and morphometric studies of rat
glomeruli [151, and an average Lp of 2.7 p1/mm mm Hg cm2
was measured in a study of perfused rat glomeruli in vivo [16].
Thus, the mean value of Lp' of human glomeruli determined in
the present study is similar to the values obtained for rat
glomeruli in vivo and for rat, rabbit, and dog glomeruli in vitro.
Using fractional clearances of macromolecules, Bridges et al
[171 have also calculated that the Lp of human and rat glomeruli
are nearly equal. These findings suggest that the fundamental
functional unit of the glomerulus that determines hydraulic
conductivity is similar in human glomeruli and the glomeruli of
other mammalian species. Functional similarity is consistent
with the similar ultrastructure of the capillary walls of rats.
mice, and humans [18, 19].
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